. On immersion of the modified electrodes in 95% (v/v) nonaqueous solutions, the redox potential decreased significantly, a decrease that originated from changes in both the enthalpy and entropy of reduction. On re-immersion of the modified electrode in buffer, the faradic response immediately returned to its original value. These results demonstrate that nanozeolites have potential as stable supports for redox proteins and enzymes.
Introduction
The application of enzymes in biocatalysis and biosensors in aqueous systems is well established, 1 for example, nitrile hydratase is used to catalyze the hydration of acrylonitrile into acrylamide with nearly quantitative conversion of the reactants into product being obtained under mild reaction conditions. of a cytochrome c modified electrode in methanol, E°' increased by 300 mV, a change that arose from significant increases in both the enthalpy and entropy. 4a The change in enthalpy can be ascribed to stabilization of the ferric state by ligand binding interactions, the hydrophobic environment of the heme and the accessibility of the heme to the solvent. 10, 13 Solvent reorganization effects and changes in protein flexibility associated with reduction of cytochrome c play a major role in determining the values of the entropy change. 14 However, enzymes are fragile and when used in soluble form are easily denatured and difficult to separate from the reaction mixture for reuse. Organic solvents, especially, can induce denaturation of protein. For example, myoglobin was almost fully denatured in 35-40% (v/v) methanol. In 50% methanol, the heme was extracted from the protein. 3a Similar results were obtained for the enzyme ervatamin C, a cysteine protease, in 50% methanol, 45% ethanol and 40% propanol. 3b In contrast, cytochrome c immobilized on a thiol modified electrode undergoes a reversible structural change on immersion in methanol. 4a Immobilization of an enzyme onto an appropriate solid support can often overcome these limitations and expand the repertoire of conditions. Different types of supports, including porous alumina, 15 lipid film, 16 sol-gel 17 and self-assembled monolayers 18 and TEM samples were prepared by drying the nanozeolite at 100 ºC for 12h. 
ITO electrode modification:

Results and Discussion
Characterization of electrochemistry of cyt c/LTL in aqueous solution
The modified electrode was prepared by assembling nano-LTL-zeolite on the electrode surface using a layer-by-layer (LbL) method and then adsorbing the protein by placing the nanozeolite assembled electrode in a cyt c solution at 4°C overnight. The nano-LTL-zeolite used possesses a one-dimensional large pore system parallel to the c axis of the alumino-silicate crystal. The unit cell has hexagonal symmetry (space group P6/mmm with a = 1.84 nm and c = 0.75 nm 24 ). Transmission electron microscopy (TEM) images show the nanometer-sized cylindrical morphology ( Figure 1A ) and the micropore openings ( Figure 1A inset). The X-ray diffraction pattern confirms the crystal structure of the zeolite ( Figure 1B ). Cyclic voltammagrams of the cyt c modified electrode in aqueous solution showed a quasi-reversible response with an E°' of 120 ± 3 mV ( Figure 2A ). This increased value of E°' (by 60 mV) when compared to that in solution 7 can be ascribed to interactions between the silanol groups on the surface of the nanozeolite and the protein. 25 The cathodic and anodic currents were linearly proportional to the scan rate over the range 20 to 100 mV s -1 (Figure 2A inset), characteristic of a surface confined species. The response was stable with no change observed after 20 potential cycles. At scan rates of 120 mV s -1 and higher, semi-infinite diffusion was observed with the peak current proportional to the square root of the scan rate. While the amount of electro-active cyt c on a selfassembled monolayer is independent of the scan rate, with the multilayer modified electrodes used here the amount of electro-active cytochrome c decreases with increasing scan rate. For an electrode modified with five layers of nanozeolite, the amount of electro-active protein at 5 V s -1 was only 15% of that at a scan rate of 0.02 V s -1 (Figure 2B inset) . Such a significant decrease in the amount of electro-active cyt c
indicates that electron transfer to and from protein layers that are distant from the electrode surface is slow; cytochrome c molecules in these layers are not electrochemically addressable at fast scan rates. As described previously, 26, 27 electron transfer to and from cyt c in the outermost layers occurs via electron exchange between the protein layers and ultimately the electrode.
The interactions between cyt c and the nanozeolite are likely to arise from electrostatic interactions. At pH 7.5, NaY zeolite efficiently adsorbed only proteins with alkaline pI values and did not adsorb proteins with acidic values. 28 The effect of ionic strength on the adsorption of cyt c on to the nanozeolite was examined by the addition of NaCl. More than 70% of cyt c was desorbed from the nanozeolite modified electrode in the presence of 1M NaCl ( Figure 3B ). On re-immersion of the electrode in a solution of cyt c, 85% of the original amount was adsorbed ( Figure 3C ) indicating that ionic strength does not significantly alter the multilayer structure. The adsorption of cyt c onto nanozeolite modified electrodes at high ionic strength was also examined. In 1M NaCl the observed protein loading decreased by 95% ( Figure 3D ). These results imply that binding of cyt c is predominantly governed by electrostatic interactions.
The surface concentration of electro-active cyt c ( * ) in the film was obtained from the charge passed for the reduction of cyt c. he amount of electro-active protein on the surface of the film ( Figure 2B) increased linearly for the first four layers, after which the response levelled off, attaining a value of 200 pmol cm -2 . Such a response indicates that only protein present in the layers close to the electrode surface was electro-active. Similar results were also observed for (myoglobin/SiO 2 ) n or (hemoglobin/SiO 2 ) n layers on pyrolytic graphite eletrodes. 29 When only one layer of nanozeolite was present, the amount of electro-active protein on the surface was 46 pmol cm -2 , approximately three times the amount calculated for a monolayer of electro-active protein in buffer (assuming cyt c is a sphere 3.5 nm in diameter). 7 This observation demonstrates that the LTL nanozeolite possesses a high binding capacity for the protein due to its large external surface area.
Electrochemical properties of cyt c/LTL in nonaqueous solutions
On placing the electrode in dry organic solvents, no faradic response was observed. 30a The E°' value of cyt c 31 is sensitive to the conformation of the protein and the properties of the solvent medium. The decrease in E°' can arise from a number of changes. These include structural changes to the protein and alterations in the interactions between the protein and the nanozeolite in nonaqueous solutions. Small structural changes could alter the degree of accessibility of the heme to the solvent. An increase in the degree of accessibility of the heme on binding to silicate surfaces has been proposed to account for slightly higher rates of reaction with the dye ABTS. 32 In addition, the electrostatic interactions between the protein and the nanozeolite would be expected to be stronger in nonaqueous environments; such changes would preferentially stabilize the Fe 3+ form.
On re-immersion of the electrodes in buffer, the faradic response returned to its original value immediately in all solvents (Figure 4 ). While there is significant discussion as to whether or not the heme group remains within the heme binding pocket when myoglobin and horseradish peroxidase is immobilized on electrode surfaces. 32 The observed increase in E°' indicates that the heme is bound to the protein (E°' of hemin is -350 mV 31 ). In addition, the heme group in cyt c is covalently attached to the polypeptide chain and is not easily removed, 33 with the procedure for the removal of heme involving harsh conditions. Raman spectroscopic data of cytochrome c adsorbed on mesoporous silicates 34 and on 
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For an electrode modified with 5 layers of nanozeolites, the electron-transfer rate constant (k s ) 23 was 10.9 ± 2.5 s -1 in aqueous buffer (=0.5) ( Figure 5A ). Values of 11.1 ± 1.4 s -1 and 9.8 ± 1.2 s -1 were obtained for three and one layers, respectively, indicating that the rate constant was homogeneous and independent of the number of layers. These values are in good agreement with the values previously observed (1.0-18 s -1 ) at tin oxide electrodes, 34 but significantly lower than that observed for layers of cytochrome c adsorbed within polyaniline sulfonate assembled on a gold electrode (75 s -1 ). 26 This may be ascribed to the thickness of the nanozeolite films which are more than 400 nm for an electrode with 5 layers 37 while the enzyme/polyaniline sulfonate layers are less than 100 nm. 38 This increase in the distance between the protein and the electrode could account for the lower value of k s . The value of k s decreased to 4.6 ± 1.4 s -1 in acetonitrile, 3.7 ± 0.9 s -1 in ethanol, 2.9 ± 0.4 s -1 in 1-propanol and 2.1 ± 0.3 s -1 in 1-butanol. A decrease in k s was also observed for cyt c dissolved in 40% DMSO with k s decreasing by a factor of 7 from 3.54×10 -3 cm s -1 in buffer to 0.44×10 -3 cm s -1 in mixed solvent. 38 These data indicate that the effect of the organic solvent on k s is complex, with the effect varying from solvent to solvent.
Thermodynamic investigation of cyt c/LTL electrode
The effect of temperature on reduction potential in both aqueous and nonaqueous solutions was studied ( Figure 6A ). In all solvents, a linear decrease in E°' was obtained with temperature over the range 0 to 35 ºC resulting in decreases H°' rc and S°' rc for the reduction of cyt c. The value of S°' rc in phosphate buffer solution was -94.5 J K -1 mol -1 , a decrease when compared to that measured in solution (-44 J K -1 mol -1 ). 10 The reduction entropy of redox proteins is considered to be due to solvent (Table 1 ). The enthalpy of reduction is a function of a range of effects including the nature of the axial ligand(s), the net charge of both the heme and the protein, the extent of the hydrogen bonding network and the degree of solvent exposure. 13 The thermodynamic parameters for the reduction of cyt c adsorbed on nanozeolite modified electrodes in organic solvents are reported in Table 1 . The presence of organic solvent in the solution changes H°' rc and S°' rc with respect to aqueous buffer with the overall effects of decreasing E°'. The enthalpy and entropy changes are solvent dependent. The S°' rc value for cyt c in 1-propanol is slightly lower than in aqueous buffer, while H°' rc is much higher than the value in PBS. These enthalpic and entropic 
